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SYSTEM AND METHOD FOR DETERMINING 
REENTRANT VENTRICULAR TACHYCARDIA 

ISTHMUS AND SHAPE FOR CATHETER 
ABLATION 

[0001] The invention of the present disclosure Was made 
from Government support under Grant HL-31393 and 
Project Grant HL-30557 from the Heart, Lung and Blood 
Institutes, National Institutes of Health, a Research Grant 
from the Whitaker Foundation, and the American Heart 
Association Established Investigator AWard. Accordingly, 
the US. Government has certain rights to this invention. 

[0002] Throughout this disclosure, various publications 
may be referenced by Arabic numerals in brackets. Disclo 
sures of these publications in their entireties are hereby 
incorporated by reference into this application to more fully 
describe the state of the art to Which this disclosure pertains. 
Full citations of these publications may be found at the end 
of the speci?cation. 

BACKGROUND OF THE INVENTION 

[0003] In canine hearts With inducible reentry, the isthmus 
tends to form along an axis from the area of last to ?rst 
activity during sinus rhythm. It Was hypothesiZed that this 
phenomenon could be quanti?ed to predict reentry and the 
isthmus location. An in situ canine model of reentrant 
ventricular tachycardia occurring in the epicardial border 
Zone Was used in 54 experiments (25 canine hearts in Which 
primarily long monomorphic runs of ?gure-8 reentry Was 
inducible, 11 With short monomorphic or polymorphic runs, 
and 18 lacking inducible reentry). From the sinus rhythm 
activation map for each experiment, the linear regression 
coef?cient and slope Was calculated for the activation times 
along each of 8 rays extending from the area of last 
activation. The slope of the regression line for the ray With 
greatest regression coef?cient (called the primary axis) Was 
used to predict Whether or not reentry Would be inducible 
(correct prediction in 48/54 experiments). For all 36 experi 
ments With reentry, isthmus location and shape Were then 
estimated based on site-to-site differences in sinus rhythm 
electrogram duration. For long and short-runs of reentry, 
estimated isthmus location and shape partially overlapped 
the actual isthmus (mean overlap of 71.3% and 43.6%, 
respectively). On average for all reentry experiments, a 
linear ablation lesion positioned across the estimated isth 
mus Would have spanned 78.2% of the actual isthmus Width. 
Parameters of sinus rhythm activation provide key informa 
tion for prediction of reentry inducibility, and isthmus loca 
tion and shape. 

[0004] During ventricular tachycardia, the heart beats rap 
idly Which can be debilitating to the patient and cause such 
things as tiredness and even syncope (i.e. fainting). This 
clinical problem usually folloWs a myocardial infarction 
(heart attack) and is caused by abnormal electrical conduc 
tion in the heart because the cells become damaged during 
the infarct. When conduction is sloW and abnormal, a 
process called reentry can occur in Which the propagating 
electrical Wavefront travels in a circle, or double loop, and 
reenters the area Where it had previously traveled. This 
propagation around the loop(s) occurs very rapidly, and a 
heartbeat occurs once each time the propagating Wavefront 
traverses around the loop or loops. Since the condition is 
abnormal, the heart muscle does not contract as it should, so 
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that the strength of the pumping action is reduced, and the 
rapidity of the heartbeat causes the heart chambers to not ?ll 
With blood completely. Therefore, because of both the poor 
?lling action and the poor pumping action, there is less 
blood delivered to the tissues. This causes the maladies that 
the patient experiences. 

[0005] A promising cure for this ailment is radio-fre 
quency catheter ablation, Which does not require surgery and 
is permanent. In the ablation procedure, a catheter is inserted 
through an artery of the patient and is positioned in the heart 
chamber. At the appropriate location on the inner heart 
surface, knoWn as the endocardium, radio-frequency energy 
is delivered from the tip of the catheter to the heart tissue, 
thereby blocking conduction at the place of delivery of the 
energy, Which is called the target site on the heart. Ideally, 
energy is delivered to the location betWeen the double loop 
Where the electrical Wavefront propagates. This is called the 
best, or optimal target site. HoWever, it is sometimes dif?cult 
to locate the best target site, and also the precise surface area 
to Which energy should be delivered is often unknoWn and 
presently must be done by trial and error. 

[0006] The present disclosure describes a system and 
method for determining the shape and location of the target 
site, Which is called the reentry isthmus. US. Pat. No. 
6,236,883 to Ciaccio et al describes a method to ?nd the 
isthmus based on signals acquired While the heart Was 
undergoing ventricular tachycardia. 

[0007] Although this former method potentially represents 
a substantial improvement over existing methods, it is not 
alWays convenient and cannot be used in all cases. For 
example during clinical electrophysiologic (EP) study, in 
Which the clinician endeavors to determine the target site to 
ablate the heart in the patient, it is attempted to initiate 
ventricular tachycardia by electrical stimulation. If tachy 
cardia cannot be initiated, the former method described in 
the US. Pat. No. 6,236,883 to Ciaccio et al Will not Work 
because the methodology requires signals obtained from the 
heart surface during ventricular tachycardia. Furthermore, 
sometimes tachycardia can be initiated but there is poor 
hemodynamic tolerance, Which means that the pumping of 
blood is so poor during the tachycardia that the doctor must 
terminate it so that the patient does not experience syncope. 
The method of the present disclosure addresses both prob 
lems. 

[0008] In one embodiment of the present disclosure, the 
reentry isthmus may be localiZed and its shape may be 
estimated based on sinus-rhythm signals from the heart 
surface. Sinus-rhythm is the normal rhythm of the heart. 
Therefore, based on this methodology there may no longer 
be a need to induce ventricular tachycardia in the patient’s 
heart during clinical EP study. 

[0009] The method of the present disclosure provides the 
clinician With a target area to ablate the heart to stop 
reentrant ventricular tachycardia from recurring. Accuracy is 
important so that only those portions of the heart at Which 
ablation is needed are actually ablated. Ablating other areas 
can increase the chance of patient morbidity, by damaging 
regions of the heart unnecessarily. Also, there is less chance 
that the patient Will be required to have a repeat visit, Which 
Will reduce cost of the total procedure and reduce discomfort 
to the patient. Rapidity is important to reduce the amount of 
?uoroscopy time and therefore reduce the radiation exposure 
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to the patient, as Well as cost due to the reduction in time for 
the procedure, and patient discomfort. 

[0010] The method of the present disclosure is also an 
advance over previous methods because there may be no 
need to acquire many signals directly from the heart surface 
Which is dif?cult and time consuming, for the procedure. 
Instead, only the electrocardiogram (ECG) signal may be 
needed during tachycardia. This ECG signal may be 
obtained during the EP study, or even via a Holter Monitor 
When the patient is ambulatory and the heart undergoes an 
episode of tachycardia. Therefore, the method of the present 
disclosure may greatly improve the accuracy of targeting the 
best ablation site to stop reentrant ventricular tachycardia 
even When tachycardia cannot be induced or is hemody 
namically stable, both of Which occur in a signi?cant num 
ber of patients. 

[0011] Treatment of reentrant ventricular tachycardia by 
catheter ablation methods is hampered by the dif?culty in 
localiZing the circuit, particularly When the circuit structure 
is complex, the tachycardia is short-lived, or When reentry is 
not inducible during electrophysiologic study If mea 
surements of sinus rhythm activation could be used to 
accurately localiZe reentry circuit features, it could poten 
tially greatly improve the cure rate under these circum 
stances. A number of clinical and experimental studies to 
determine the usefulness of sinus rhythm parameters for 
targeting reentry circuits have been reported. The time of 
latest depolariZation during sinus rhythm has been partially 
correlated to the location of the reentry isthmus; hoWever, 
the relationship is inexact [2-3]. At the border Zone, both 
normal and abnormal (loW-amplitude, fractionated, or Wide 
de?ection) electrograms are present [2-5]; hoWever, these 
abnormal electrograms can be present both Within and aWay 
from the reentry circuit location and are therefore not a 
speci?c predictor of its position in the border Zone. There 
fore, methods for detection and measurement of abnormal 
sinus rhythm activation characteristics are not presently 
sufficient for targeting reentry circuits for catheter ablation, 
although presence of abnormality suggests the proximity of 
arrhythmogenic substrate. 

[0012] When a reentrant circuit can be induced in the 
infarct border Zone by programmed electrical stimulation in 
a canine model [6], the area Where the isthmus forms has at 
least tWo conspicuous substrate properties: 1) it is the 
thinnest surviving cell layer of any area of the border Zone 
[6-7], and 2) there is disarray of gap-junctional intercellular 
connections Which extends the full thickness from the infarct 
to the surface of the heart Since these substrate prop 
erties persist regardless of rhythm type, they may affect 
electrical conduction at the isthmus area during sinus 
rhythm. The hypothesis that these phenomena could be 
quanti?ed and used to predict reentry inducibility, and 
isthmus location and shape, When it occurs, Was tested in this 
study. 

SUMMARY OF THE INVENTION 

[0013] This invention provides a method for identifying 
and localiZing a reentrant circuit isthmus in a heart of a 
subject during sinus rhythm, comprising the steps of: a) 
receiving electrogram signals from the heart during sinus 
rhythm via electrodes; b) creating a map based on the 
received electrogram signals; c) determining, based on the 
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map, a location of the reentrant circuit isthmus in the heart; 
and d) displaying the location of the reentrant circuit isth 
mus. 

[0014] This invention provides a method for identifying 
and localiZing a reentrant circuit isthmus in a heart of a 
subject during sinus rhythm, comprising the steps of: a) 
receiving electrogram signals from the heart during sinus 
rhythm via electrodes; b) creating a map based on the 
received electrogram signals; c) ?nding a center reference 
activation location on the map; d) de?ning measurement 
vectors originating from the center reference activation 
location; e) selecting from the measurement vectors a pri 
mary vector indicating a location of the reentrant circuit 
isthmus in the heart; and f) displaying the location of the 
reentrant circuit isthmus. 

[0015] This invention provides a system for identifying 
and localiZing a reentrant circuit isthmus in a heart of a 
subject during sinus rhythm, comprising: a) an interface for 
receiving electrogram signals from the heart during sinus 
rhythm via electrodes; b) processing means for creating a 
map based on the received electrogram signals, and deter 
mining, based on the map, a location of the reentrant circuit 
isthmus in the heart; c) a display adapted to display the 
location of the reentrant circuit isthmus. 

[0016] This invention provides a system for identifying 
and localiZing a reentrant circuit isthmus in a heart of a 
subject during sinus rhythm, comprising: a) receiving means 
for receiving electrogram signals from the heart during sinus 
rhythm via electrodes; b) storage means for storing electro 
gram data corresponding to the electrogram signals received 
by the receiving means; c) processing means for retrieving 
the electrogram data, creating a map based on the electro 
gram signals, ?nding a center reference activation location 
on the map, de?ning measurement vectors originating from 
the center reference activation location, selecting from the 
measurement vectors a primary axis vector indicating a 
location of the reentrant circuit isthmus in the heart, ?nding 
threshold points of the electrogram signals on the map, and 
connecting the threshold points to form a polygon indicating 
a shape of the reentrant circuit isthmus in the heart; and d) 
a display for displaying one of the location and shape of the 
reentrant circuit isthmus. 

BRIEF DESCRIPTION OF THE FIGURES 

[0017] FIGS. 1A-1D are maps of a heart experiencing 
ventricular tachycardia in Which long-runs of monomorphic 
reentry Were inducible by center pacing. FIGS. 1A-1C are 
activation maps of the reentrant circuit. At the four margins 
of the map are indicated their respective locations on the 
heart: the left anterior descending coronary (LAD), the base, 
lateral left ventricle (LAT), and apex. The small numbers in 
boxes are activation times at each of the recording sites. 
Isochrones are labeled With larger numbers in boxes. Circles 
containing ray numbers are referred to in the text. The 
shaded area represents the place Where the double loop 
merges during reentry (called the central common pathWay 
or reentry isthmus). Atable in FIG. 1A contains ray numbers 
as Well as the results of linear regression analysis along each 
ray. For each ray numbered 1-8, the columns of the table 
shoW the slope of the regression line, termed the activation 
gradient (AG), and linear regression coefficient (r2) values, 
termed the activation uniformity (AU). Thick black lines 
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designate regions of conduction block. Arrows shoW the 
direction of Wavefront propagation. FIG. 1D shoWs an 
electrogram duration map for the sinus-rhythm cycle of 
FIG. 1A. The locations of the reentry arcs of block from the 
activation map of FIG. 1C are shoWn overlapped as thick 
black lines. BetWeen the arcs of block is the actual location 
of the reentry isthmus. The estimated isthmus location, 
determined by activation and electrogram duration analysis, 
is inscribed by the small circles on the map. The estimated 
area approximately overlaps the shape of the actual reentry 
isthmus. 

[0018] FIGS. 2A-2D are activation and electrogram dura 
tion maps for an experiment in Which short-runs of mono 
morphic reentry Were inducible by pacing from the basal 
margin. This ?gure shoWs that as for cases in Which long 
runs (greater than 10 heartbeats) are recorded, even When 
ventricular tachycardia is of very short duration (less than 10 
heartbeats) it is possible to estimate the reentry isthmus 
location using sinus-rhythm activation and electrogram 
duration mapping. The actual reentry isthmus location is the 
area betWeen the solid lines of duration map FIG. 2D for one 
of the cardiac cycles. For another of the cardiac-cycles, the 
shape changed slightly as shoWn by the dotted lines. The 
estimated reentry isthmus for this case of ventricular tachy 
cardia is denoted by the area inscribed by the small circles, 
and may approximately overlap the actual reentry isthmus. 

[0019] FIGS. 3A-3B shoW a database, represented as a 
scatter plot, and one and tWo-dimensional boundary lines for 
classi?cation of the primary vector parameters of activation 
gradient (AG) and activation uniformity (AU) according to 
one embodiment of the present disclosure. In both FIGS. 3A 
and 3B, the dotted line shoWs the best boundary-line to 
classify those cases in Which reentry may occur versus those 
cases in Which reentry may not occur based on the sinus 
rhythm activation gradient parameter. The boundary line 
separates most of the cases in Which long-runs of mono 
morphic reentry could be induced (solid circles) to the left 
side of the plot, and most of the cases in Which reentry Was 
not inducible (open circles) to the right side of the plot, in 
both panels. For cases in Which only short-runs of reentry 
Were inducible (triangles), many of the points resided to the 
left of the line, ie it Was correctly classi?ed for these cases 
that reentrant ventricular tachycardia Would occur. In FIG. 
3A, the dashed line denotes the best tWo-dimensional 
boundary to separate cases in Which reentrant ventricular 
tachycardia Would versus Would not be inducible based on 
the sinus-rhythm activation gradient and uniformity. This 
tWo-dimensional classi?cation boundary improved classi? 
cation by correctly adding tWo more open circles (no reentry 
occurred) to the right side of the boundary-line. In FIG. 3B, 
the same procedure is used, With the same result, except that 
the parameters Were the mean electrogram duration and the 
activation gradient. 

[0020] FIGS. 4A-4Y are estimated isthmus parameters 
experiments With long-runs of reentry. The actual reentry 
isthmus is the area betWeen the arcs of block denoted by 
thick curvy black lines. The estimated reentry isthmus 
derived from electrogram duration and activation analysis is 
denoted by the cross-hatched area. The estimated and actual 
reentry isthmuses often coincide. The location and direction 
of the primary axis determined from activation mapping is 
denoted by the arroW in each panel, and in most cases it 
approximately aligns With the long-axis (i.e., entrance to exit 
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direction) of the reentry isthmus. The dashed line denotes 
the estimated best ablation line. 

[0021] FIGS. 5A-5K are estimated isthmus parameters 
experiments With short-runs of reentry. FIGS. 5A-5E are 
taken during polymorphic tachycardia Where the electrocar 
diogram or ECG is irregular in period and/or shape of the 
signal. FIGS. 5F-5K Were taken during monomorphic tachy 
cardia Where the electrocardiogram or ECG is regular in 
period and in shape of the signal. These panels are the same 
as for the panels of FIG. 4 except that these cases included 
only short-runs, for example, less than 10 heartbeats of 
ventricular tachycardia. The method produces good overlap 
of estimated With actual reentry isthmus for most of the 
monomorphic cases; hoWever, the overlap is less satisfac 
tory for polymorphic cases because these usually involve the 
occurrence of multiple reentry isthmuses simultaneously in 
the infarct border Zone. 

[0022] FIG. 6 is a regression line diagram according to 
one embodiment of the present disclosure. 

[0023] FIG. 7 is a ?oWchart according to one embodiment 
of the present disclosure. 

[0024] FIGS. 8A-8D shoW maps according to one embodi 
ment of the present disclosure. In this ?gure the activation 
maps of the endocardial surface during ventricular tachy 
cardia are shoWn for four different patients. The thick black 
curvy lines denote arcs of conduction block, and the thinner 
curvy lines are isochrones of equal activation time, Which 
are labeled. In FIG. 8A (patient 1), the Wavefront proceeds 
betWeen arcs of block at tWo areas. At the left of the map it 
crosses the area betWeen the arcs of block at a time of 

approximately 100 milliseconds, and proceeds upWard. At 
the right side of the map the activation Wavefront crosses the 
area betWeen the arcs of block at a time of approximately 0 
milliseconds and proceeds doWnWard. TWo distinct Wave 
fronts from the left and right sides of the map coalesce at the 
center at time approximately 200 milliseconds. The process 
of the Wavefronts looping around the arcs of conduction 
block rapidly and once each cardiac-cycle is knoWn as 
reentry. The cycle-length of reentry for patient 1 is approxi 
mately 333 milliseconds. (The last isochrone, 333 millisec 
onds, is Written as 0 milliseconds in the map.) In FIGS. 
SB-SD (patients 6, 7, and 9) distinctive Wavefronts similar 
course around arcs of conduction block once each cardiac 
cycle. 

[0025] FIGS. 9A-9D shoW maps according to one embodi 
ment of the present disclosure. These are an example of hoW 
sinus-rhythm electrogram analyses can be used to ascertain 
the position Where the reentrant circuit isthmus Will form in 
the infarct border Zone, and the best line to ablate to stop 
ventricular tachycardia. In FIG. 9A is shoWn the sinus 
rhythm activation map. The area of last activation is marked 
and proceeding from it are eight measurements vectors. The 
linear regression resulting from each measurement vector is 
shoWn in the accompanying table. The vector With greatest 
activation uniformity and loW activation gradient is ray 2 
and it is in-spec. Hence ray 2 is the primary axis. The 
location of the primary axis is expected to coincide With the 
location of the reentrant circuit isthmus and the direction of 
the primary axis denotes the predicted direction of the 
reentrant Wavefront as it passes through the isthmus during 
tachycardia. In FIG. 9B is shoWn the electrogram duration 
map. Around the last-activating region of sinus-rhythm and 
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the primary axis so formed (not shown), points With differ 
ences in sinus-rhythm electrogram duration between record 
ing sites of, for example, >15 milliseconds, are denoted by 
circles. These circles on the computerized map grid are 
connected to for the polygonal surface that is the estimated 
location and shape of the reentrant circuit isthmus. The 
estimated best line to ablate, Which bisects the estimated 
isthmus into regions With equal surface area, is denoted by 
the dashed line and it is perpendicular to the primary axis 
(measurement vector 2 in FIG. 9A) To the left of FIG. 9B, 
examples of electrograms in regions With differing sinus 
rhythm electrogram duration are shoWn. When electrogram 
duration is long, the de?ections occur for a longer time 
during each cardiac-cycle. In FIG. 9C is shoWn the activa 
tion map during pacing. Note that the areas of last activation 
during pacing coincide With region With long sinus-rhythm 
electrogram duration. This may be a direct result of the 
properties of the tissue (poorer conduction in regions of long 
sinus-rhythm electrogram duration When cycle-length is 
shorter as it is during pacing). In FIG. 9D, the activation 
map during tachycardia is shoWn. There is a reentrant 
circuit, and it occurs precisely as predicted from the sinus 
rhythm electrogram analyses. Ablating along the line 
denoted in FIG. 9B Would cause reentrant ventricular tachy 
cardia to cease because the electrical impulse Would be 
blocked as it traversed the actual isthmus area (FIG. 9D). 

[0026] FIG. 10 shoWs estimated isthmuses according to 
one embodiment of the present disclosure. In the next ?gure 
are shoWn the estimated isthmuses from sinus-rhythm elec 
trogram analyses (dashed lines) and best lines to ablate 
(dotted lines), and the actual isthmuses determined from 
activation mapping during ventricular tachycardia (gray 
areas bordered by thick black curvy lines Which denote 
locations of the actual arcs of conduction block), for the 11 
patients of the clinical study. The arroWs denote the location 
and direction of the primary axis. In each case, there is 
agreement betWeen the estimated and actual isthmus of the 
reentrant circuit. In many of the cases, ablating along the 
estimated best line, plus, for example, 10% more in each 
direction, Would cause the electrical impulse to be blocked 
Within the actual reentrant circuit isthmus; hence reentrant 
ventricular tachycardia Would cease. In each case, the best 
estimated ablation line ablates little more of the heart than is 
necessary, hence minimiZing the chance of patient morbidity 
as a result of the ablation procedure. 

[0027] FIGS. 11A-11F shoW maps according to one 
embodiment of the present disclosure. In this ?gure is shoWn 
an example of sinus-rhythm electrogram analyses as Well as 
PLATM. 

[0028] FIG. 12 shoWs a table of Patient Clinical Data. The 
patient number, sex, infarct location, time from myocardial 
infarct to EP study, drug therapy, and VT cycle length at 
onset are given. 

[0029] FIG. 13 shoWs a diagram of a system according to 
an embodiment of the present disclosure. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0030] This invention provides a method for identifying 
and localiZing a reentrant circuit isthmus in a heart of a 
subject during sinus rhythm, comprising the steps of: a) 
receiving electrogram signals from the heart during sinus 
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rhythm via electrodes; b) creating a map based on the 
received electrogram signals; c) determining, based on the 
map, a location of the reentrant circuit isthmus in the heart; 
and d) displaying the location of the reentrant circuit isth 
mus. 

[0031] In one embodiment of the above method, step b) 
includes arranging activation times of the received electro 
gram signals based on a position of the respective electrodes. 

[0032] In one embodiment of the above method, the 
activation times are measured from a predetermined start 
time until reception of a predetermined electrogram signal. 

[0033] In one embodiment of the above method, the map 
includes isochrones for identifying electrogram signals hav 
ing activation times Within a predetermined range. 

[0034] In one embodiment of the above method, step c) 
includes ?nding a center reference activation location on the 
map by averaging an electrode coordinate position of a 
predetermined number of electrogram signals selected based 
on an activation time. 

[0035] In one embodiment of the above method, step c) 
includes de?ning measurement vectors originating from the 
center reference activation location and extending outWard 
on the map, the measurement vectors used to designate the 
electrodes located along the measurement vectors. 

[0036] In one embodiment of the above method, the 
electrodes assigned to a measurement vector are chosen 
according to a distance from the measurement vector. In one 
embodiment of the above method, the electrodes assigned to 
a measurement vector are a subset of the electrodes chosen 
according to a distance from the measurement vector. 

[0037] In one embodiment of the above method, step c) 
includes selecting from the measurement vectors a primary 
axis vector having one of an activation gradient value Within 
a predetermined range and a highest activation uniformity 
value Within a predetermined range and Where the primary 
axis vector indicates a location of the reentrant circuit 
isthmus. 

[0038] In one embodiment of the above method, the 
activation uniformity value is a coef?cient of linear regres 
sion. In one embodiment of the above method, the activation 
uniformity value is a coef?cient of non-linear regression. In 
one embodiment of the above method, the activation uni 
formity value is a variance in activation times along a 
selected measurement vector. In one embodiment of the 
above method, the activation uniformity value is a measure 
of variability along a selected measurement vector. 

[0039] In one embodiment of the above method, the 
activation gradient value is a slope of a linear regression 
line. 

[0040] In one embodiment of the above method, the 
activation gradient value is a slope of a non-linear regression 
line. In one embodiment of the above method, the activation 
gradient value is a mean absolute difference in activation 
times along a selected measurement vector. In one embodi 
ment of the above method, the activation gradient value is a 
difference along the measurement vector 

[0041] In one embodiment of the above method, step c) 
includes, When a primary axis vector is not found, ?nding an 
alternate center reference activation location on the map by 
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averaging an electrode coordinate position of a predeter 
mined number of electrogram signals having an alternate 
characteristic, de?ning measurement vectors originating 
from the alternate center reference activation location and 
extending outWard on the map, the measurement vectors 
used to designate the electrodes located along the vectors, 
and selecting from the measurement vectors a primary aXis 
vector having one of an activation gradient value Within a 
predetermined range and a highest activation uniformity 
value Within a predetermined range. 

[0042] In one embodiment of the above method, step d) 
includes When a primary aXis vector is not found, selecting 
from the measurement vectors a primary aXis vector having 
one of an activation uniformity value Within a predetermined 
range and a highest gradient value Within a predetermined 
range. 

[0043] In one embodiment of the above method, the above 
method further comprises the steps of: e) determining, based 
on the map, a shape of the reentrant circuit isthmus in the 
heart; and f) displaying the shape of the reentrant circuit 
isthmus. 

[0044] In one embodiment of the above method, step b) 
includes generating duration values representing a time 
difference betWeen a starting point and a stopping point in 
the electrogram signals. 

[0045] In one embodiment of the above method, the one of 
the starting point and stopping point is computed to be When 
an amplitude of the electrogram signal is Within a predeter 
mined amount of an amplitude of the electrogram signal. 

[0046] In one embodiment of the above method, step e) 
includes ?nding threshold points in Which the difference in 
electrogram duration values betWeen adjacent sites is greater 
than a predetermined time interval. 

[0047] In one embodiment of the above method, step e) 
includes connecting the threshold points to form a polygon 
encompassing the center reference activation location. 

[0048] In one embodiment of the above method, step e) 
includes connecting the threshold points to form a polygon 
encompassing the center reference activation location and a 
predetermined portion of the primary aXis vector and indi 
cating a shape of the reentrant circuit isthmus in the heart. 

[0049] In one embodiment of the above method, the above 
method further comprises the steps of: g) determining an 
ablation line to ablate the heart based on the location of the 
reentrant circuit isthmus; and h) displaying the ablation line. 

[0050] In one embodiment of the above method, step g) 
includes draWing the ablation line on the map bisecting the 
polygon and at a predetermined angle With respect to the 
primary aXis vector. 

[0051] In one embodiment of the above method, the 
ablation line traverses the polygon plus a predetermined 
distance. 

[0052] This invention provides a method for identifying 
and localiZing a reentrant circuit isthmus in a heart of a 
subject during sinus rhythm, comprising the steps of: a) 
receiving electrogram signals from the heart during sinus 
rhythm via electrodes; b) creating a map based on the 
received electrogram signals; c) ?nding a center reference 
activation location on the map; d) de?ning measurement 
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vectors originating from the center reference activation 
location; e) selecting from the measurement vectors a pri 
mary vector indicating a location of the reentrant circuit 
isthmus in the heart; and f) displaying the location of the 
reentrant circuit isthmus. 

[0053] In one embodiment of the above method, the above 
method further comprises the steps of: g)?nding threshold 
points of the electrogram signals on the map; h) connecting 
the threshold points to form a polygon indicating a shape of 
the reentrant circuit isthmus in the heart; and i) displaying 
the shape of the reentrant circuit isthmus. 

[0054] In one embodiment of the above method, the above 
method further comprises the steps of: ?nding an ablation 
line based on the polygon; and k) displaying the ablation 
line. 

[0055] This invention provides a system for identifying 
and localiZing a reentrant circuit isthmus in a heart of a 
subject during sinus rhythm, comprising: a) an interface for 
receiving electrogram signals from the heart during sinus 
rhythm via electrodes; b) processing means for creating a 
map based on the received electrogram signals, and deter 
mining, based on the map, a location of the reentrant circuit 
isthmus in the heart; c) a display adapted to display the 
location of the reentrant circuit isthmus. 

[0056] This invention provides a system for identifying 
and localiZing a reentrant circuit isthmus in a heart of a 
subject during sinus rhythm, comprising: a) receiving means 
for receiving electrogram signals from the heart during sinus 
rhythm via electrodes; b) storage means for storing electro 
gram data corresponding to the electrogram signals received 
by the receiving means; c) processing means for retrieving 
the electrogram data, creating a map based on the electro 
gram signals, ?nding a center reference activation location 
on the map, de?ning measurement vectors originating from 
the center reference activation location, selecting from the 
measurement vectors a primary aXis vector indicating a 
location of the reentrant circuit isthmus in the heart, ?nding 
threshold points of the electrogram signals on the map, and 
connecting the threshold points to form a polygon indicating 
a shape of the reentrant circuit isthmus in the heart; and d) 
a display for displaying one of the location and shape of the 
reentrant circuit isthmus. 

[0057] The method of the present disclosure is used to 
target ablation sites on the surface of the heart to stop 
reentrant ventricular tachycardia from occurring. It may be 
used to target sites on either the endocardial or the epicardial 
surface of the heart. One embodiment of the present disclo 
sure involves using signals acquired during sinus-rhythm, 
Where sinus rhythm is the normal rhythm of the heart. These 
signals may be acquired during clinical electrophysiologic 
EP study With special equipment designed for this purpose. 
Several types of catheters are available for this purpose 
When the reentrant ventricular tachycardia is believed to be 
endocardial in origin. When reentrant ventricular tachycar 
dia is believed to be epicardial in origin, open chest surgery 
or other procedures may be required to obtain signals and 
map conduction on the surface. The type of catheter may 
in?uence the data acquisition method. 

[0058] For eXample, in a noncontact clinical system, the 
probe does not contact the heart surface, signals may be 
acquired and by a mathematical inverse equation, the signals 
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that Would occur on the heart surface may be reconstructed. 
When a standard clinical catheter is used, the catheter may 
acquire signals from, for example, tWo adjacent locations at 
once, because there are tWo recording electrodes on the 
catheter, and those electrodes are located close together. 
Data may be recorded over one heartbeat during sinus 
rhythm, and/or one heartbeat during ventricular tachycardia 
(and its cycle-length). Once the data signals are obtained, 
they are then analyZed according to the procedures described 
further in the present disclosure. 

[0059] The present disclosure can be incorporated into 
existing clinical methodology for catheter ablation for 
example, as a computer softWare algorithm, or as a standa 
lone computeriZed data acquisition and analysis system that 
may be implemented, for example, as in softWare residing 
on a digital computer, or in hardWare components, for 
example, a specially designed integrated circuit or circuits 
for maximum speed of processing. The target ablation area, 
With relevant quantitative values, may be output to a display, 
for example, a CRT monitor, so that the clinician may 
rapidly make use of the information and guide the catheter 
or other ablation device. Alternatively, the target ablation 
area and other relevant values may be output in printed or 
other auditory, visual or tactile form. 

[0060] FIG. 13 is a diagram of a system according to an 
embodiment of the present disclosure. FIG. 14 shoWs a 
computer system 70, Which may include a processor 71. The 
computer system may include a memory 72, for example, 
random access memory (RAM), a hard disk 73, and a 
removable storage 74, for example a CD-ROM drive. The 
memory 72, hard disk 73 and removable storage 74 may be 
used for storing, for example, system code, heart signal input 
data, user input parameters, and patient database values. 

[0061] The computer system 70 also may include, a dis 
play device 76, for example, a CRT or LCD monitor, Which 
may have a touch screen display for input, a speaker, and a 
projection display. The computer system 70 may also 
include input/output devices 77, for example a keyboard, 
mouse, light pen, tactile control equipment, microphone, 
printer, scanner, electrodes, catheter and other input devices. 
The computer system 70 may also include a netWork inter 
face 78, for example, a Wired or Wireless Ethernet card, for 
connecting to a netWork for communication With other 
electronic equipment. Such a computer system 70 may be a 
personal computer, laptop or other portable computing 
device or may be a standalone system. 

[0062] In one embodiment of the present disclosure the 
output may include a series of maps that shoW, the sinus 
rhythm activation characteristics in the infarct border Zone, 
the sinus-rhythm electrogram duration characteristics in the 
infarct border Zone, the location of the estimated reentry 
isthmus in the infarct border Zone, and the location of the 
estimated best ablation line in the infarct border Zone. These 
maps may include numerical coordinates used to guide the 
clinician as to the correct placement of the catheter to ablate 
the heart. 

[0063] Other information may be output, including, for 
example, activation maps of reentrant ventricular tachycar 
dia, for example, if such is available, to con?rm the com 
puter selection of the target ablation area and provide 
additional information to the clinician in order to modify the 
suggested ablation site if necessary. 
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[0064] The measurement vectors in the XY space of the 
activation map are used to de?ne Which sites are included in 
the analysis of activation times. The regression line is a line 
having as one dimension, the distance along that measure 
ment vector for Which the particular regression Was calcu 
lated, and as the other, the values of the activation times 
along the measurement vector at each site. 

[0065] FIGS. 3A-3B shoW database entries depicted as a 
scatter plot, and one and tWo-dimensional boundary lines 
(dotted and dashed respectively) for classi?cation of the 
primary vector parameters of activation gradient (AG) and 
activation uniformity (AU) so that it may be predicted 
Whether the patient ventricular tachycardia is due to a 
reentrant circuit at the recording surface. Either line is used 
separately for classi?cation purposes. In FIGS. 3A-3B, the 
solid circles denote experiments in Which monomorphic 
reentrant ventricular tachycardia occurred. The open circles 
denote experiments in Which reentrant ventricular tachycar 
dia did not occur. The triangles denote experiments in Which 
reentrant ventricular tachycardia occurred but is Was due to 
a polymorphic tachycardia. The latter may be the most 
dif?cult to classify. 

[0066] In the top panel FIG. 3A is shoWn the relationship 
betWeen AG and AU for data obtained in approximately 50 
canine experiments. Although the canine heart model is not 
precisely the same as reentrant ventricular tachycardia in 
humans, there is a close correspondence and hence the 
scatter plot data serves as a model or guide for human 
patients. Each point represents the AU and AG of a primary 
vector from each canine experiment in the tWo-dimensional 
(XY) space. The lines draWn in the scatter plot denote the 
best one-dimensional (vertical line) and tWo-dimensional 
(horiZontal line) boundaries for classifying those canine 
hearts in Which it is predicted that reentrant ventricular 
tachycardia Will occur at the recording surface versus those 
in Which it is predicted not to occur. For the canine experi 
ments Whose AG/AU point is plotted to the left of the lines, 
reentry is predicted to occur. 

[0067] For the canine experiments Whose AG/AU point is 
plotted to the right of the lines, reentry is predicted not to 
occur at the recording surface. In such cases Where reentrant 
ventricular tachycardia is predicted not to occur at the 
recording surface, it may still occur at the opposite surface 
of the heart or in the interior of the heart. For example, 
recordings Were made in the canine heart along the epicar 
dial surface. Reentry may occur at the endocardial surface in 
these cases. Ventricular tachycardia in some of these experi 
ments may be caused by a focal point rather than a reentry 
loop. Such information is highly important to the clinician 
during ablation therapy. 

[0068] In FIG. 3B, the parameters used are the activation 
gradient and the electrogram duration. Similar results as 
those of FIG. 3A are obtained. The parameters can be used 
to predict Whether or not reentrant ventricular tachycardia 
Will occur With the same accuracy as in the top panel. In both 
the top and the bottom panels, the activation gradient (AG) 
alone is a good classi?er of Whether or not reentrant ven 
tricular tachycardia Will occur, as can be seen by the vertical 
line (one-dimensional boundary) in each panel. In contrast, 
the activation uniformity (AU) of the top panel, Y axis, and 
the electrogram duration of the bottom panel, Y axis, alone 
Would not be good classi?ers, for example, a one-dimen 






























